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ABSTRACT 

I l l inois 6 coal ( h v B b )  was weathered fo r  up to 330 days a t  25 and 8OoC w i t h  
humid a i r .  I t s  behav io r  was compared w i th  P i t t sbu rgh  Seam ( h v A b )  and  
Horsepen Seam (mvb)  coals weathered under  the  same condi t ions.  T h e  
weather ing ra te  showed a s t rong  dependence on  temperature and coal rank .  
A t  25OC. the  I l l inois 6 coal showed much more substant ia l  changes in chemical 
and phys ica l  p roper t ies  upon weathering. Spectroscopic data indicate t h a t  
the concentrat ion o f  organic oxygen groups  in the  coal may eventual ly level  
off. Two potential causes o f  t h i s  behavior a re  proposed. Thermal (non- 
oxidat ive) treatment a t  80°C has l i t t le  ef fect  on the  chemical and  phys ica l  
propert ies o f  a f resh  h v A b  coal. 

INTRODUCTION 

Weathering can al ter  organic and mineral const i tuents o f  coal, change i t s  
chemical and physical  p roper t ies  and af fect  i t s  ut i l izat ion (1).  Ex tens ive  
laboratory research has been performed to  s tudy  th i s  importan3 phenomenon. 
However, publ ished studies have come to  s igni f icant ly d i f f e ren t  conclusions 
concerning the  chemical na tu re  o f  coal weathering ( o r  ox ida t ion) .  T h e  ra te  of  
changes in coal p roper t ies  induced by coal weather ing o r  oxidat ion a r e  
dependent on temperature,  Most repor ted  coal weathering simulation exper i -  
ments have been conducted a t  temperatures greater t han  100°C to  accelerate 
t h e  oxidat ion rate. However, the  reaction mechanism is repor ted ly  d i f f e r e n t  
a t  temperatures above and  below 70 to  80°C (VI. 

Three separate coal weather ing reactions ( two ox ida t ive  and one thermal)  were  
recent ly proposed b y  Cethner  (4.5) based on a coal oxidat ion s t u d y  
conducted a t  temperatures o f  25 toTOO°C. The  ra te  o f  each reaction had a 
d i f f e ren t  temperature dependency. Gethner concluded, and  we concur,  t h a t  
i l l -def ined o r  poor ly  control led coal weathering o r  oxidat ion exper iments can 
resul t  in inaccurate conclusions (2). In addi t ion t o  temperature, coal 
weather ing is  also known t o  depend on coal rank ,  humid i ty  and  oxygen pa r t i a l  
pressure (1,3,6). The  work repor ted  here is a systematic s tudy  o f  coal 
weathering p e r f o r m e d  a t  real ist ic conditions. D i f fe ren t  ranks  o f  coal, 
inc lud ing  I l l inois 6 ( h v B b ) ,  P i t t sbu rgh  Seam ( h v A b )  a n d  Horsepen Seam 
(mvb) coals, were weathered fo r  up to  500 days at  25 to  8OoC wi th  humid  a i r  
under well-controlled conditions. T h e  work w i th  P i t t sbu rgh  Seam a n d  
Horsepen Seam coals was repor ted  prev ious ly  ( 7 ) .  This  paper includes t h e  
recent resu l ts  o f  t h i s  s tudy ,  most o f  which wereob ta ined  us ing  the  I l l inois 6 
coal. For  present purposes, we w i l l  define oxidat ive weather ing as t h e  
progress ive  changes in coal propert ies tha t  occur as coal i s  exposed to  humid  
a i r  at  temperatures o f  8OoC o r  less. 

In add i t ion  t o  oxidat ive weathering, experiments were also performed w i t h  a 
di f ferent P i t t sburgh Seam coal and a s l igh t ly  weathered I l l i no is  6 coal u n d e r  
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f lowing humid N, at  80°C. The  object ive o f  these tests was t o  observe any  
non-oxidative, thermal ef fects on coal p roper t ies  and  chemical s t ruc tu ra l  
changes. Th is  paper  also includes recent resu l ts  o f  t h i s  s tudy .  

EXPERIMENTAL 

T h e  experimental apparatus and  procedures used in the  weather ing s t u d y  
were  described p rev ious l y  (7 ) .  The non-oxidat ive exper iment was car r ied  ou t  
u s i n g  N, instead o f  a i r  a t  a h e r w i s e  the  same conditions. T h e  I l l inois 6 coal 
used in th is  s t u d y  i s  t h e  na tura l  -28 mesh por t ion  o f  f resh  run-of-mine 
(ROM) coal from a deep mine in Jefferson County ,  I l l inois.  The  P i t t sbu rgh  
Seam coal used in the  non-oxidat ive weather ing s tudy  is  t he  na tura l  -28 mesh 
por t ion  o f  f resh  ROM coal from a deep mine in Monongalia County,  West 
Virginia.  Analyses of these two coals a re  l is ted in Table 1. Propert ies o f  
t h e  P i t tsburgh Seam and  Horsepen Seam coals used in the  ox ida t ive  s t u d y  
were  reported elsewhere ( I ) .  

RESULTS AND DISCUSSION 

OX I DAT IVE WEATHER1 NC 

Changes in elemental composition (H.C.0) observed upon weather ing occu r red  
more rap id ly  for  the  I l l inois 6 coal ( h v B b )  than fo r  t he  P i t t sbu rgh  Seam 
( h v A b )  a n d  Horsepen Seam (mvb)  coals, as shown below. 

I l l i n o i s  6 Pittsburgh Seam Horsepen Seam 
51 - 0 - 45 - 0 - 46 - 0 - Weathering Time a t  80°C, Days 

Carbon. w t  % MAF 81.8 78.6 82.9 81.1 89.3 87.7 
Hydrogen, wt  B MAF 5.2 4.7 5.5 5.2 5.0 4.9 
Oxygen, w t  B MAF ( d i f f . )  9.9 14.0 7.2 9.5 3.1 4 .9  

These values indicate t h a t  rates o f  change in elemental compositions w i t h  
weather ing time a r e  dependent on coal rank  ( 6 ) .  

T h e  FT lR  oxidat ion index  is  def ined as the  ra t i o  o f  the  in tegra ted  in tens i ty  o f  
t h e  carbonyl  band (1635-1850 ern-') to  tha t  o f  the  C-H s t re t ch ing  band (2745- 
3194 crn-’) in t h e  d i f fuse  reflectance FT lR  spectrum o f  coal (7.8). Increases 
in t h e  oxidat ion index upon weathering can b e  a t t r i bu ted  t o T e  progress ive  
oxidat ion of C-H groups  t o  carbony l  g roups  as the  coal weathers ( 8 . 9 ) .  T h e  
oxidat ion index i s  p lo t ted  in F igure  1 as a func t ion  o f  weather ing t i K a t  80°C 
f o r  the  th ree  coals. The  oxidat ion index o f  I l l inois 6 coal no t  on ly  increases 
more rap id ly  w i t h  weather ing time, b u t  it also has a h igher  in i t ia l  value t h a n  
P i t t sbu rgh  Seam and Horsepen Seam coals. Th is  indicates tha t  bo th  t h e  
in i t ia l  va lue  and the  ra te  o f  change w i th  time of the  oxidat ion index are  r a n k  
dependent. 

T h e  rate o f  change w i th  time o f  the  oxidat ion index also depends on weather-  
ing temperature. In F igu re  2,  the  oxidat ion index o f  I l l inois 6 coal i s  p lo t ted  
as funct ions o f  weather ing time and temperature. Changes a re  rap id  a t  8OoC, 
a n d  slow, but exper imental ly s igni f icant,  at  25OC. Signi f icant changes in t h e  
oxidat ion index o f  coals weathered at  25OC were observable fo r  t he  I l l inois 6 
coal but ,  as repor ted  prev ious ly  (7,101, no t  fo r  t he  P i t t sbu rgh  Seam a n d  
Horsepen Seam coals. 

- 
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Cieseler maximum fluidity was found to be one o f  the  most sensi t ive ind ica tors  
o f  oxidation fo r  t he  h ighe r  r a n k  coals (7.8). However, t h e  lower rank  
I l l inois 6 coal has essent ia l ly  n o  fluidity, =en when fresh. Though f ree  
swel l ing index  (FSI)  measurements a re  less sensi t ive t o  weather ing than 
Gieseler fluidity, they  d o  p rov ide  a n  indicat ion o f  t he  e f fec t  of  weather ing on  
the thermoplastic p roper t ies  (7.8). F igu re  3 shows t h a t  t h e  ra te  o f  change 
w i th  weathering time o f  t h e  f reFswe l l i ng  index (FSI)  o f  I l l i no is  6 coal is much 
greater a t  8OoC than  at  25°C; however, even a t  25OC. changes were s ign i f i -  
cant. In contrast ,  there  was v e r y  ' l i t t le  change in t h e  FSI o f  P i t t s b u r g h  
Seam (7) a n d  Horsepen Seam (10)  coals weathered a t  25OC. T h i s  again 
demonsfiates the  r a n k  d e p e n d e n c y o f  coal weathering. T h e  FSI and oxidat ion 
index of weathered I l l inois 6 coal a re  compared in F igu re  4. F igu re  4 shows 
tha t  there  i s  a general  l inear  relat ionship between t h e  ox ida t ion  i ndex  and  FSI 
o f  I l l inois 6 coal Weathered a t  bo th  25 and 80°C, as also no ted  p rev ious l y  by 
Huffman et al. ( 9 ) .  T h e  alkal i  ex t rac t ion  tes t  (11)  also shows a general  
l inear relat ionship w i th  oxidat ion index fo r  t h e  F e a t h e r e d  I l l i no is  6 coal 
(F igure  5). Alka l i  ex t rac t ion  tes t  resu l ts  a re  expressed as percent  t rans-  
mittance at  520  nm. 

As shown in F igu re  1 ,  t h e  ox ida t ion  index o f  I l l i no is  6 coal weathered at  8OoC 
appears to  level  o f f  a f te r  about 46 days  weather ing.  Resul ts o f  X- ray  photo- 
electron spectroscopic (XPS) characterizations o f  t he  coal weathered a t  80°C 
are consistent w i th  th i s  observat ion.  Table 2 l i s ts  t h e  surface elemental 
compositions o f  the  I l l inois 6 coal weathered a t  8OoC fo r  0, 46 and 80 days. 
Organic oxygen was calculated by the  method o f  P e r r y  and  G r i n t  ( 1 2 )  in 
which inorganic oxygen is  subtracted from total  oxygen  assuming inorganic 
oxygen is  associated w i t h  S i  and A I  in oxide forms ( 1 2 ) .  T h e  organic O /C  
ra t io  increased from 0.15 t o  0.23 a f te r  46 days w e a t h e r x g  a t  8OoC (Tab le  2 1 .  
As shown in F igure  6, an  asymmetric C peak w i t h  a shoulder a t  high 
binding energy  (287-292 eV)  was observed'by XPS, ind ica t ing  tha t  carbon- 
oxygen funct ional  g roups  were generated upon weather ing f o r  46 days  a t  
80OC. Th is  i s  in agreement w i t h  FTlR resu l ts  tha t  show produc t ion  o f  
carbonyl  g roups .  As  weather ing time increased f rom 46 t o  80 days, on ly  a 
s l igh t  increase in organic O/C rat io,  f rom 0.23 t o  0.24, was observed (Tab le  
2 ) .  In addi t ion,  there  was no  signi f icant change in XPS C l s  spectrum o f  t he  
coal between 46 and 80 days  (F igu re  6). 

There  are a t  least two possible explanations f o r  t h i s  observat ion.  F i r s t ,  it 
may b e  t h a t  a f te r  46 days a t  80°C, most o f  the  ac t ive  s i tes o r ig ina l l y  available 
fo r  oxidat ion had reacted, i.e., few act ive s i tes were available fo r  f u r t h e r  
oxidat ion a t  these condi t ions.  Painter e t  al. (13 )  repo r ted  t h a t  coal oxidat ion 
is  indeed s i te  selective. They  concluded that-enzylic s i tes a re  most easi ly 
oxidized t o  carbony l  groups. Low-temperature weather ing w o r k  by Larsen e t  
al. (2) suppor ted  th i s  concept. 

A second poss ib i l i t y  is t h a t  a f te r  46 days a t  8OoC, t h e  ra te  o f  carbony l  
product ion is  matched by the  ra te  o f  carbony l  des t ruc t ion ,  e.g., by 
decarbonylat ion and decarboxylat ion.  Cethner ( & , 5 )  noted  t h e  importance o f  
decarbonylat ion and dec'arboxylation reactions d u r r g  coal oxidat ion.  The ra te  
of carbony l  des t ruc t ion  must depend on the concentrat ion o f  carbony l  g roups .  
As oxidat ion proceeds, carbony l  concentrations increase and  thus ,  t h e  ra te  o f  
carbonyl  des t ruc t ion  should increase as well. Eventual ly,  a state may b e  
reached in wh ich  the  rates o f  carbonyl  p roduc t ion  and des t ruc t ion  are  equal. 

A t  t h i s  po in t ,  ou r  data do no t  conf i rm or re fu te  e i ther  explanation. Add i -  
t ional work i s  under  way t o  ga in  a be t te r  unders tand ing  o f  th is .  
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NON-OX I DATIVE WEATHERING 

A react ion mechanism invo lv ing  thermal decomposition o f  carbon-oxygen 
funct ional  g roups  (e.g., decarboxylat ion) was proposed by Gethner ( 4 , 5 ) .  
He noted tha t  t h i s  react ion was independent o f  the  ox ida t ive  r e a c t i o n s x a t  
occur  d u r i n g  low-temperature oxidat ion ( 4 . 5 ) .  Non-oxidative thermal e f fec ts  
o n  coal p roper t i es  and  chemical s t r u c t u r a m a n g e s  were  examined by t rea t i ng  
a P i t t sbu rgh  Seam coal under  f lowing humid n i t rogen  a t  80°C fo r  4 8 . 4  days. 
No signi f icant changes in elemental compositions were observed over  the  
durat ion o f  the  tes t .  In addition, Gieseler maximum f l u id i t y ,  Aud ibe r t -A rnu  
di l i tat ion,  F T l R  ox ida t i on  index and alkal i  ex t rac t ion  measurements a l l  show 
l i t t l e  or no  change. The  Cieseler maximum f l u i d i t y  a n d  the oxidat ion index o f  
t h e  P i t t sbu rgh  Seam coal treated a t  8OoC in f lowing humid N, are p lo t ted  as 
functions o f  time in F igu re  7 .  These data show t h a t  the  changes in coal 
p roper t ies  tha t  were  no ted  in the  ox ida t ive  weather ing tests w i th  P i t t sbu rgh  
Seam coal a re  dependent  on the  presence o f  oxygen. Pure ly  thermal ef fects,  
except perhaps  those invo lv ing  newly formed oxidized components, were 
negligible. Since thermal (non-oxidat ive) e f fec ts  may b e  r a n k  dependent, a 
similar tes t  i s  now being performed w i t h  3 s l i gh t l y  weathered I l l inois 6 coal. 
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TABLE 1 

ANALYSES OF ILLINOIS 6 AND PITTSBURGH SEAM COALS 

P i t t sbu rgh  
I l l inois 6 Seam (a)  

Moisture, w t  % as received 2.76 0 . 6 4  

Proximate Analysis, w t  % d r y  bas is .  
Volat i le Matter 35.74 
A s h  5.30  
Fixed Carbon [ D i f f )  58.96 

Ultimate Analysis,  w t  % MAF basis 
Carbon 
Hydrogen 
N i t rogen 
Su l fu r ,  Total  

Py r i t i c  
Sul tate 
Organic ( D i f f )  

Oxygen  (D i f f )  

81.76 
5 .23  
1 .96  
1 .19  
0 .51  
0 . 0 3  
0.65 
9 .86  

37 .24  
12 .07  
50 .69  

84 .22  
5 . 7 4  
1 .62  
3.54 
1 .97  
0 .05  
1 .52  
4.88 

Heat ing  Value, B tu / l b ,  MAF basis 14,560 15,031 

Wet Screen Analysis,  wt % 
'Tyler Mesh 

28 x 48 mesh 
48 x 100 mesh 
100 x 200 mesh 
-200  mesh 

37.8  26.4 
31 .O  32.0  
1 7 . 8  19 .1  
13 .4  22.5 

(a) T h i s  coal used on ly  i n  t h e  non-oxidat ive test. 

TABLE 2 

F T l R  OXIDATION INDEX AND SURFACE COMPOSITION BY XPS 
OF ILLINOIS 6 COAL WEATHERED A T  8OoC 

F T l R  Atomlc Percentage 
Weather i ng Oxidation 0 Organic 
Time, Days Index C Total Organic 2 J- Ji 2 O K  Rat io  

0 1.26 75.0 19.3 11.2 0.1 0.8 0.3 2.7 1.8 0.15 
46 2.76 68.0 24.6 15.9 0.3 1.1 0.4 3 .0  1.8 0.23 

I 8 0  3.26 68.3 25.3 16.7 0.3 1.1 0.3 3.0 1.7 0.24 
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Figure  2. Oxidat ion Index o f  Ill. 6 
Coal vs Weathering Time and 
Temperature. 

Figure 3. Free Swel l ing Index o f  Ill. 6 F igure  4 .  Free Swel l ing Index o f  Ill. 6 
Coal v s  Weathering Time and Coal v s  Oxidation Index. 
Temperature. 
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Figure  5. A l k a l i  Ex t rac t ion  Test Resul ts Figure 6. XPS C l S  Spectra o f  Ill. 6 
A) Coal weathered a t  8OoC 

B )  Coal weathered a t  8OoC 
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Figure  7 .  Gieseler F l u i d i t y  and Ox ida t ive  
Index vs Time f o r  P i t t sburgh Seam 
Coal i n  t h e  80°C Non-Oxidative 
Weathering Test. 
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